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GLOSSARY 
 
 
SWT – Small wind turbines 
HAWT – Horizontal axis wind turbines 
VAWT – Vertical axis wind turbines 
PV – Photovoltaic system 
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ABSTRACT 
 
 
In the topic of this master thesis, an analysis of an autonomous hybrid system will be made, 
to provide electrical energy independence of considered household on the island of Rab, in 
Croatia. It will show the idea and model of this autonomous hybrid system, the calculation of 
production and energy consumption, the financial requirements and its costs. Furthermore, 
current models of wind turbines and solar systems will be described, their application, 
advantages and disadvantages, environmental impact and more. The Homer software was 
used for the analysis and calculations. 
It is assumed that the household considered in this analysis is not connected to the electric 
grid. The autonomous hybrid system uses only the renewable energy of sun and wind, to 
provide the energy independence of this household.  
The optimization of size and specifications of wind turbine, photovoltaic modules and other 
components of this autonomous system is a very important phase that has high cost 
implications on the price of such energy produced. In the Republic of Croatia, the use of such 
systems is at the very beginning, it gives an interesting entrepreneurial market possibilities 
and it gives a better perspective and opportunities for people living on a distant islands. 
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INTRODUCTION 
 
 
Looking at the current situation in the world where drastic climate change is taking 
place due to environmental pollution; it is necessary to raise awareness of greater savings, 
environmental protection and exploitation of renewable energy sources. The increasing 
demand for energy points to the necessity of energy conservation measures, implementation 
of energy efficiency and the need for renewable energy sources, which are the foundation of 
sustainable development in meeting energy needs. Todays’ development of technologies for 
the exploitation of renewable energy resources gives an alternative to the grid network in 
terms of the existence of systems that can provide energy independence for the household 
and meet all the energy needs. 
 
Although the vast majority of inhabited Croatian islands have provided power grid, it 
doesn’t always guarantee stability. One of the reasons is the outdated system, and the second 
is that a significantly larger number of people (tourists) are visiting these areas during the 
seasonal months, which is becoming more and more the cause of overloading the power 
system due to increased electricity needs. Autonomous hybrid systems are primarily of 
interest for applications in isolated locations outside the reach of existing electric grid 
networks, although this does not exclude the use of such power converters in places where 
there already is an electrical distribution network. This way, it can significantly lower the 
seasonal overload of the electricity grid, thus reducing losses and increasing security of supply, 
environmental care and the future development of local communities. It is important to note 
that the use of autonomous systems based on renewable energy resources is incompatible 
with uncontrolled and inefficient energy management, which means that the application of 
such systems requires the implementation of energy efficiency measures and awareness of 
the need for rational and wise disposal with available energy resources. 
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It should be kept in mind, that the wind and sun energy is highly variable. Wind energy 
is temporally and spatially variable, and depends on many climatic conditions related to the 
temperature of the sea, air and land. Also, the sun's energy is variable, depending on seasonal 
and weather changes, and it can be exploited only during the day, from sunrise to sunset. 
There are many factors that need to be considered to get a system that works optimally at a 
selected location. Apart from devices that convert wind power and solar energy to electricity, 
it is also necessary to have a short-term electricity storage device and direct current power 
converter, which is generated by small wind turbines and photovoltaic panels, to convert it 
into alternating current power, which is used by most household appliances. 
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Chapter 1: URBAN WIND TURBINES 
 
 
Wind – the movement of the air – is the result of temperature differences in different places. 
Uneven heating results in a difference in atmospheric pressure, which causes the air to move. 
The kinetic energy of the moving air (or wind) is transformed into electrical energy by wind 
turbines or wind energy conversion systems. The wind forces the turbine’s rotor to spin, 
changing the kinetic energy to rotational energy by moving a shaft which is connected to a 
generator, thereby producing electrical energy through electromagnetism. Wind power is 
proportional to the dimensions of the rotor and to the cube of the wind speed. Theoretically, 
when the wind speed doubles, the wind power increases eight times. The main factors of the 
output power are the swept area (related directly to the length of the blades) and the wind 
speed. Over time, the size of wind turbines has increased continually (see figure 1).  
 
Figure 1.1 -  Growth in capacity and rotor diameter of wind turbines, 1985-2017 [2] 
 
Wind power systems are categorized primarily by the grid connection (connected/stand-
alone), installation characteristic (onshore/offshore) and wind turbine type 
(vertical/horizontal-axis). The specific system configuration is determined mainly by the wind 
condition (especially wind speed), land availability (or where the plant is sited), grid 
availability, turbine size and height, and blade size.  
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When thinking of small wind turbines (SWT), there is a wide range of small-scale turbines from 
‘micro SWTs’ rated at less than 1 kW, to ‘midi SWTs’ reaching 100 kW. SWTs are commonly 
used as stand-alone electricity systems and frequently applied in isolated locations where the 
main grid is not accessible. Hybrid wind-diesel systems can improve the stability of power 
supply in small and off-grid areas, while reducing the costs for fuel and fuel transport by 
utilizing the existing diesel-based generating infrastructure. However, small wind presents 
lower load factors and higher capital cost per kW than bigger wind farms, as well as high 
planning costs per installed unit. Major challenges of small wind include the assessment of the 
wind resource and the reduction of turbulence’s negative effects on the wind resource at the 
tower’s height. High towers reduce the negative impacts of turbulence in the wind resource 
caused by obstacles in the surroundings, but they increase the costs of small wind turbines. 
The rapidly declining costs of competing technologies, such as solar, also poses challenges to 
small wind deployment. Innovation opportunities emerge with these challenges to increase 
the efficiency and reduce the costs of small wind technology. 
Croatia is an ideal market for small wind turbines due to Mediterranean climate and 
numerous islands with no access to the electric grid. In winter months when there is less sun, 
but more wind, small wind turbines are a great addition to isolated renewable energy sites 
(GSM, stations, marinas etc.) and small towns. That is why solar and wind power can provide 
consistent energy throughout the year. 
It can be difficult to make the difference between urban and not urban wind turbines. In the 
following chapter that will be explained, as well as an overview of wind turbine models, their 
characteristics, efficiency and utilities. We will also see about the problems existing near urban 
areas. 
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1.1 Overview of wind turbine models 
 
The aim of this chapter is to explain designs and technical part of WTs and to give us look of 
possibilities that can be reached with use of WTs. 
 
 
 
 
1.1.1 Explanation of urban wind turbine models 
 
 
 
HAWT – Horizontal axis wind turbines 
This is the most common type that most of us think of when we think of a wind turbine. A 
HAWT has a similar design to a windmill, it has blades that look like a propeller that spin on 
the horizontal axis. They have the main rotor shaft and electrical generator at the top of a 
tower, and they must be pointed into the wind. SWTs are pointed by a simple wind vane 
Wind Turbines
HAWT
1, 2 or 3 and 
more blades
Windmill
Unconventional 
WTs
VAWT
Savonius Alternative
Helical Maglev
Darrieus
2 or 3 blades
H-rotor
Others
Airborne
Wind-belt
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placed square with the rotor (blades), while large turbines generally use a wind sensor coupled 
with a servo motor to turn the turbine into the wind. Most large wind turbines have a gearbox, 
which turns the slow rotation of the rotor into a faster rotation that is more suitable to drive 
an electrical generator. 
 
1 and 2 blades wind turbines  
The positive thing about 2-balded WTs is that because of their design they have advantage of 
saving the cost of one rotor blade and its weight. But the disadvantage is that they require 
higher rotational speed to yield the same energy output and because of that they also produce 
more noise. 
They both require more complex designs because of hinged rotor.  The rotor is fitted onto a 
shaft which is perpendicular to the main shaft, and which rotates along with the main shaft, 
so this arrangement may require additional shock absorbers to prevent the rotor blade from 
hitting the tower. 
As well, they have visual intrusion problems and they require a counterweight to be placed on 
the other side of the hub from the rotor blade in order to balance the rotor. 
 
Figure 1.2 – Example of 2-bladed WT [3] 
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3 or more blades wind turbines 
3 blades wind turbines that we can find nowadays inside the urban areas are the known as 
“Small Wind” or “Micro Wind” Turbines (SWT). Those turbines are rated under 100 KW and 
are used by individuals and they can generate their own power and helping to cut their energy 
bills, even to return it into the grid. If the turbine is not connected to the electricity grid then 
unused electricity can be stored in a battery for use when there is no wind. The number of this 
small wind turbines has been increasing very fast in the last years. They are emerging to meet 
several distinct needs. As well as the traditional areas of rural electrification and providing 
power to isolated homes, boats and telecommunications facilities. 
 
Figure 1.3 – Example of 3-bladed WT [4] 
 
Windmill 
Windmills generally have more blades than modern day turbines. This is because windmills 
are used to do work, such as grind grain or pump water from a well. Windmills operate on the 
law of conservation of momentum. The conservation of momentum can be easily understood 
on a pool table. The cue ball in motion has momentum and when it hits the other pool balls, 
the energy is transferred. Windmill blades are pitched so that when the wind hits them, it 
doesn’t push the blades backward but moves the blades rotationally. The linear momentum 
of wind is transferred into rotational momentum as it hits the angled windmill blades, causing 
them to spin. That rotational energy then powers gears or shafts that then do work. [5] 
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They are not considered as WTs, because they are not used to produce electric power. 
 
Figure 1.4 – Example of windmill [6] 
 
Unconventional wind turbines 
Unconventional WTs are those that differ significantly from the most common types in use. 
Due to the large growth of the wind power industry and the length of its historical 
development dating back to windmills, many different wind turbine designs exist, are in 
current development, or have been proposed due to their unique features. The wide variety 
of designs reflects ongoing commercial, technological, and inventive interests in harvesting 
wind resources both more efficiently and to the greatest extent possible, with costs that may 
be either lower or greater than conventional three-bladed HAWT designs. Some turbine 
designs that differ from the standard type have had limited commercial use, while others have 
only been demonstrated or are only theoretical concepts with no practical applications. Such 
unconventional designs cover a wide gamut of innovations, including different rotor types, 
basic functionalities, supporting structures and form-factors. [7] 
 
 
VAWT – Vertical axis wind turbines 
VAWTs have the main rotor shaft arranged vertically.  The main advantage of this arrangement 
is that the wind turbine does not need to be pointed into the wind. This is an advantage on 
sites where the wind direction is highly variable or has turbulent winds, such as in urban areas. 
It is difficult to mount vertical-axis turbines on towers, meaning they are often installed nearer 
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to the base on which they rest, such as the ground or a building rooftop. The wind speed is 
slower at a lower altitude, so less wind energy is available for a given size turbine. Air flow 
near the ground and other objects can create turbulent flow, which can introduce issues of 
vibration, including noise and bearing wear which may increase the maintenance or shorten 
its service life. However, when a turbine is mounted on a rooftop, the building generally 
redirects wind over the roof and this can double the wind speed at the turbine. If the height 
of the rooftop mounted turbine tower is approximately 50% of the building height, this is near 
the optimum for maximum wind energy and minimum wind turbulence. 
 
Darrieus wind turbines 
Darrieus WTs are commonly called "Eggbeater" turbines, because they look like a giant 
eggbeater. They have good efficiency, but produce large torque ripple and cyclic stress on the 
tower, which contributes to poor reliability. Also, they generally require some external power 
source, or an additional Savonius rotor, to start turning, because the starting torque is very 
low. The torque ripple is reduced by using three or more blades which results in a higher 
solidity for the rotor. Solidity is measured by blade area over the rotor area. Newer Darrieus 
type WT are not held up by guy-wires but have an external superstructure connected to the 
top bearing. [8] However, they have good efficiency.  
The rotor blades are fastened to the upper and lower end of the axle and rise up arc-shaped 
outward. The type of arch of the rotor blades follows a funicular curve, so that they are not 
exposed to bending moment under the centrifugal energy in the enterprise. Aerodynamically, 
they are drag and lift-type devices, although the drag is quite negligible. 
There is as well a subtype of Darrieus WT called H-rotor, which can be: giromill, cyclo-turbine 
and horizontal way. 
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Figure 1.5 – Example of Darrieus WT with 2 blades [9] 
Giromill H-rotor 
Darrieus's 1927 patent also covered practically any possible arrangement using vertical 
airfoils. One of the more common types is the H-rotor, also called the Giromill or H-bar design, 
in which the long "egg beater" blades of the common Darrieus design are replaced with 
straight vertical blade sections attached to the central tower with horizontal supports. [10] 
The Giromill is typically powered by two or three vertical aerofoils attached to the central mast 
by horizontal supports. It is less efficient, also requires strong winds or a motor to start, and 
can sometimes struggle to maintain a steady rate of rotation. However, they work well in 
turbulent wind conditions and are an affordable option where a standard horizontal axis 
windmill type turbine is unsuitable. 
Due to the lower and more predictable stress loading on the blades of vertical axis WTs, they 
are the ideal type of machine for large scale electricity production. This potential for use for 
economic multi MW electricity production has not yet been exploited. This is partly because 
of earlier design failures and partly due their slightly lower blade efficiency. [11] 
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Figure 1.6 – Example of Darrieus Giromill H-rotor WT [12] 
 
Cyclo-turbine H-rotor 
Cyclo-turbine is another version of Darrieus WT, in which each blade is mounted so that it can 
rotate around its own vertical axis. This allows the blades to be "pitched" so that they always 
have some angle of attack relative to the wind. The main advantage to this design is that the 
torque generated remains almost constant over a fairly wide angle, so a cyclo-turbine with 
three or four blades has a fairly constant torque. Over this range of angles, the torque itself is 
near the maximum possible, meaning that the system also generates more power. The cyclo-
turbine also has the advantage of being able to self-start, by pitching the "downwind moving" 
blade flat to the wind to generate drag and start the turbine spinning at a low speed. On the 
downside, the blade pitching mechanism is complex and generally heavy, and some sort of 
wind-direction sensor needs to be added in order to pitch the blades properly. [13] 
 
Horizontal version of Darrieus WT 
This type of Darrieus WT as well as H-rotors uses pitch control and lift force to rotate, but is in 
horizontal configuration. They are meant to be used in urban areas, especially rooftops. 
Disadvantage is that they are not in high position and are fixed to structure, so they cannot 
catch wind from all directions as well as they cannot catch high speed wind. But good thing is 
that they are landscape friendly, because they are not very noticeable on urban structures.  
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Figure 1.7 – Example of horizontal Darrieus WT – patent from Broadstars company [14] 
 
Savonius wind turbines 
The Savonius WT is a type of VAWT invented by the Finnish engineer Sigurd Savonius in the 
1920’s. It is one of the simplest wind turbine designs. It consists of two to three (sometimes 
more) “scoops” that employ a drag action to convert wind energy into torque to drive a 
turbine. When looked at from above in cross-section, a two scoop Savonius turbine looks like 
an S-shape. Due to the curvature of the scoops, the turbine encounters less drag when moving 
against the wind than with it, and this causes the turbine to spin in any wind regardless of 
facing. Drag-type WTs such as the Savonius turbine are less efficient at using the wind’s energy 
than lift-type WTs, which are the ones most commonly used in wind farms. More of the wind’s 
energy is lost in the conversion to electrical energy. As a result, Savonius WTs are not 
commonly the preferred design for energy production either for commercial use or for home 
energy generation. 
The Savonius WT design is used wherever small amounts of power need to be generated by 
turbines that require little or no maintenance. They are also a good choice for many WT uses 
other than electricity generation. Many anemometers are based on Savonius wind turbine 
design, as these instruments measure wind speed and efficiency is of no concern in that 
application. Savonius turbines are also used on deep-water buoys to generate small amounts 
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of electricity. The low maintenance of the Savonius turbine is more important for that use 
than the low amount of power it generates. Savonius wind turbines are also seen in the 
Flettner Ventilator, used as a cooling fan or ventilator on the roofs of buses and vans. The 
turbine itself drives a fan that pulls air out of the vehicle.  
The disadvantages of a Savonius turbine involve low efficiency and low power generation, 
which are of course quite serious for purposes of power generation and make this design not 
the best choice for producing significant amounts of power. The design does have advantages 
as well, however. [15] 
One major advantage is that the Savonius turbine is always facing into the wind, no matter 
what direction the wind is blowing. It does not need a mechanism for making it face into the 
wind, as lift turbines do. The Savonius turbine also turns at relatively low speeds and does not 
stick out very far. These two things make the design less dangerous to birds, wildlife, and 
children than a lift turbine. The Savonius turbine can be operated at lower elevations from the 
ground than a lift turbine as well, since it operates well in low-speed winds. It is not greatly 
affected by turbulence, again making it a good choice for wind power use at low elevations 
where interference is the norm and turbulence is high. 
 
Figure 1.8 – Example of Savonius WT [16] 
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Alternative VAWT models 
 
Maglev wind turbines 
Magnetic levitation is an extremely efficient system for wind energy. Here’s how it works: the 
vertically oriented blades of the wind turbine are suspended in the air above the base of the 
machine, replacing the need for ball bearings. The turbine uses “full-permanent” magnets, not 
electromagnets — therefore, it does not require electricity to run. The full-permanent magnet 
system employs neodymium (“rare earth”) magnets and there is no energy loss through 
friction. This also helps reduce maintenance costs and increases the lifespan of the generator. 
Maglev wind turbines have several advantages over conventional wind turbines. For instance, 
they’re able to use winds with starting speeds as low as 1.5 meters per second (m/s). Also, 
they could operate in winds exceeding 40 m/s. Currently, the largest conventional wind 
turbines in the world produce only five megawatts of power. However, one large maglev wind 
turbine could generate one gigawatt of clean power, enough to supply energy to 750,000 
homes. It would also increase generation capacity by 20% over conventional wind turbines 
and decrease operational costs by 50%. If that isn’t enough, the maglev wind turbines will be 
operational for about 500 years! 
Construction began on the world’s largest production site for maglev wind turbines in central 
China on November 5, 2007. Zhongke Hengyuan Energy Technology has invested 400 million 
yuan in building this facility, which will produce maglev wind turbines with capacities ranging 
from 400 to 5,000 Watts. In the US, Arizona-based MagLev Wind Turbine Technologies will be 
manufacturing these turbines. Headed by long-time renewable energy researcher Ed Mazur, 
the company claims that it will be able to deliver clean power for less than one cent per 
kilowatt hour with this new technology. It also points out that building a single giant maglev 
wind turbine would reduce construction and maintenance costs and require much less land 
than hundreds of conventional turbines. The estimated cost of building this colossal structure 
is $53 million. [17] 
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Figure 1.9 – Example of Maglev WT [17] 
 
Other WT models 
Airborne wind turbines 
An airborne wind turbine is a design concept for a wind turbine with a rotor supported in the 
air without a tower, thus benefiting from more mechanical and aerodynamic options, the 
higher velocity and persistence of wind at high altitudes, while avoiding the expense of tower 
construction, or the need for slip rings or yaw mechanism. An electrical generator may be on 
the ground or airborne. Challenges include safely suspending and maintaining turbines 
hundreds of meters off the ground in high winds and storms, transferring the harvested 
and/or generated power back to earth, and interference with aviation. 
Airborne wind turbines may operate in low or high altitudes; they are part of a wider class of 
Airborne Wind Energy Systems (AWES) addressed by high-altitude wind power and crosswind 
kite power. When the generator is on the ground, then the tethered aircraft need not carry 
the generator mass or have a conductive tether. When the generator is aloft, then a 
conductive tether would be used to transmit energy to the ground or used aloft or beamed to 
receivers using microwave or laser. Kites and 'helicopters' come down when there is 
insufficient wind; kytoons and blimps may resolve the matter with other disadvantages. Also, 
bad weather such as lightning or thunderstorms, could temporarily suspend use of the 
machines, probably requiring them to be brought back down to the ground and covered. Some 
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schemes require a long power cable and, if the turbine is high enough, a prohibited airspace 
zone. As of July 2015, no commercial airborne wind turbines are in regular operation. [18] 
 
Figure 1.10 – Airborne WT wind power density compared to other types of WT [19]  
Altaeros’ autonomous tethered airborne platforms are designed to lift a lightweight wind 
turbine up to 600m above ground, where winds are strong and consistent. At these heights, 
Altaeros can deliver unprecedented value: 
• Generate over twice the energy output of similarly rated wind turbines 
• Siting flexibility, independent of ground wind patterns 
• Automated, reliable operation resulting in minimized logistics and support 
• Rapid installation out of standard shipping containers 
• Significant reductions in diesel generator fuel consumption 
• Contributions to renewable energy credits 
Utilizing proven aerostat technology combined with Altaeros’ patented autonomous control 
approach and innovative design, economic, clean power generation can be a reality rather 
than a wish. [19] 
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Wind Belts 
A wind belt is generally used for catering to small scale energy needs. A conventional turbine 
can do the same work, however the cost of establishing and maintaining a wind turbine is an 
expensive and cumbersome task. A wind mill also has gear boxes and other components that 
lead to high losses of energy due to friction. Thus a wind belt is used for applications having a 
power need of 50 watts or less.  
The arrangement consists of a stretched membrane attached to a pair of magnets which are 
free to move in between metal coils. The device uses the effect called “the aeroelastic flutter 
movement" to induce electricity. Aeroelastic is a phenomenon that deals with energy 
generation by interaction between elastic and aerodynamic forces. Inertial force also plays an 
important part in this. 
Electricity is generated due to the fluttering motions of the string which moves a magnet in 
between electromagnetic coils. The continuous fluttering movement along with the magnets 
induces current in the coils. [20] 
The construction of a wind belt is much simpler to that of a conventional wind turbine. In a 
wind turbine, gears and other mechanical systems help in moving the turbine and generate 
electricity, whereas a wind belt is just a very simple mechanism which can be made easily with 
just few dollars. Moreover, wind belt uses even the lightest of the winds for vibrating the 
membrane. 
In a recent experiment, a prototype of wind belt was found to be ten to thirty times more 
efficient than micro turbines. Moreover, as the constructing a wind belt is cheap, it can be an 
excellent alternative especially in rural areas where kerosene is used for lesser amount of 
power. As kerosene produces smoke that is known to create health problems, a wind belt 
seems to be an effective alternative device in the rural areas. [20] 
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Figure 1.11 – Example of wind belt [20] 
 
 
1.1.2 Benefits and weaknesses of HAWT and VAWT 
 
HAWT – Horizontal axis wind turbines 
While there are only two types of wind turbines, the horizontal axis wind turbine is 
considered to be the most common option to go with. This wind turbine type is more 
lightweight and simpler than the vertical one, tough it is also more expensive. However, its 
efficiency and functionality towards wind directions are what people expect and they don’t 
mind spending a little more money for them. It has a tower structure with turbine and 
blades. The blades are located right in the tower’s front with quite much distance to prevent 
it touching the tower when there is high wind. 
 
The advantages of HAWT: 
• Variable blade pitch, which gives the turbine blades the optimum angle of attack. 
Allowing the angle of attack to be remotely adjusted gives greater control, so the 
turbine collects the maximum amount of wind energy for the time of day and season 
• The tall tower base allows access to stronger wind in sites with wind shear. In some 
wind shear sites, every ten meters up, the wind speed can increase by 20% and the 
power output by 34% 
• The face of a horizontal axis blade is struck by the wind at a consistent angle regardless 
of the position in its rotation. This results in a consistent lateral wind loading over the 
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course of a rotation, reducing vibration and audible noise coupled to the tower or 
mount 
• High efficiency, since the blades always move perpendicularly to the wind, receiving 
power through the whole rotation. In contrast, all vertical axis wind turbines, and most 
proposed airborne wind turbine designs, involve various types of reciprocating actions, 
requiring airfoil surfaces to backtrack against the wind for part of the cycle. 
Backtracking against the wind leads to inherently lower efficiency 
 
The disadvantages of HAWT: 
• Taller masts and blades are more difficult to transport and install. Transportation and 
installation can now cost 20% of equipment costs 
• Stronger tower construction is required to support the heavy blades, gearbox, and 
generator. 
• Reflections from tall HAWTs may affect side lobes of radar installations creating signal 
clutter, although filtering can suppress it 
• Mast height can make them obtrusively visible across large areas, disrupting the 
appearance of the landscape and sometimes creating local opposition 
• Downwind variants suffer from fatigue and structural failure caused by turbulence 
when a blade passes through the tower’s wind shadow - for this reason, the majority 
of HAWTs use an upwind design, with the rotor facing the wind in front of the tower 
• They require an additional yaw control mechanism to turn the blades toward the wind 
 
Cyclic stress and vibrations: 
Cyclic stresses fatigue the blade, axle and bearing; material failures were a major cause of 
turbine failure for many years. Because wind velocity often increases at higher altitudes, the 
backward force and torque on a HAWT blade peaks as it turns through the highest point in its 
circle. The tower hinders the airflow at the lowest point in the circle, which produces a local 
dip in force and torque. These effects produce a cyclic twist on the main bearings of a HAWT. 
The combined twist is worst in machines with an even number of blades, where one is straight 
up when another is straight down. To improve reliability, teetering hubs have been used which 
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allow the main shaft to rock through a few degrees, so that the main bearings do not have to 
resist the torque peaks. When the turbine turns to face the wind, the rotating blades act like 
a gyroscope. As it pivots, gyroscopic precession tries to twist the turbine into a forward or 
backward somersault. For each blade on a wind generator’s turbine, precession force is at a 
minimum when the blade is horizontal and at a maximum when the blade is vertical. This cyclic 
twisting can quickly fatigue and crack the blade roots, hub and axle of the turbines. [21] 
 
 
VAWT – Vertical axis wind turbines 
The VAWT is the most popular of the turbines that people are adding to make their home a 
source of renewable energy. While it is not as commonly used as the HAWT, they are great 
for placement at residential locations and more. The main difference between the VAWT and 
HAWT is the position of blades. In HAWT, blades are on the top, spinning in the air while in 
VAWT, generator is mounted at the base of the tower and blades are wrapped around the 
shaft. A wind turbine secures air into a hub, which them turns into a generator. The air that 
passes through the blades of the wind turbine is spun into the generator through rotational 
momentum. 
Vertical Axis Wind Turbines are designed to be economical and practical, as well as quiet and 
efficient. They are great for use in residential areas whereas the HAWT is best for use at a 
business/rural location. There are two different styles of VAWTs out there. One is the Savonius 
rotor, and the second is the Darrieus model. The first model looks like a 55 gallon drum that 
is been cut in half with the halves placed onto a rotating shaft. The second model is smaller 
and looks much like an egg beater. Most of the wind turbines being used today are the 
Savonius models. 
 
The advantages of VAWT: 
• You can build your wind turbine close to the ground so if you do not have a suitable 
rooftop for placement, or if you live where there are hills, ridges, etc. that prohibit the 
flow of air, they work wonderfully for your needs 
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• Since VAWT are mounted closer to the ground they make maintenance easier, reduce 
the construction costs, are more bird friendly and does not destroy the wildlife 
• You do not need any mechanisms in order to operate the wind turbine 
• Lower wind startup speed 
• The main advantage of VAWT is it does not need to be pointed towards the wind to be 
effective. In other words, they can be used on the sites with high variable wind 
direction 
• You can use the VAWT where tall structures are not allowed 
• VAWT’s are quiet, efficient, economical and perfect for residential energy production, 
especially in urban environments 
• They are cost effective when compare to the HAWTs 
• Many of the turbines are resistant to many of the different weather elements that you 
may experience. It is imperative to choose a unit that offers this valuable protection 
and extra durability when you need it the most. 
 
Disadvantages of VAWT: 
• Decreased level of efficiency when compared to the HAWT. The reason for the reduced 
amount of efficiency is usually due to the drag that occurs within the blades as they 
rotate 
• You are unable to take advantage of the wind speeds that occur at higher levels 
• VAWT’s are very difficult to position on towers, which means they are installed on 
base, such as ground or building 
• The design of vertical wind turbines may be able to withstand rough weather but they 
have a higher chance to stop rotating and fall out 
 
VAWT’s in general produces less energy as compare to HAWT mainly due to the additional 
drag that VAWT have – as they rotate into the wind. Both VAWT and HAWT might differ in 
their appearance and mode of operation, but they generate electricity by converting the wind 
energy into electrical energy by using a rotating shaft. This is vital information for those 
looking to install HAWT in their home. Whether they are looking for turbines that will be ideal 
for when they’re sleeping, playing games or entertaining guests, HAWT is the better choice. 
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In other words, wind turns the blades of the wind turbine around the turbines rotor. That rotor 
is connected to main shaft which in turn is connected to electric generator, which generates 
the electricity. On the other side, if you are looking for a great source of renewable energy 
that you can use at your residence, it is worth considering a VATW. These turbines are 
designed to be used at homes, and while there are both pros and cons, for the most part those 
who use them appreciate and enjoy the energy that is produced. 
 
 
 
 
1.1.3 Important parameters used for modeling wind turbines 
 
The wind turbine parameters considered in the design process are: 
• Swept area 
• Power and power coefficient 
• Tip speed ratio 
• Blade chord 
• Number of blades 
• Solidity 
• Initial angle of attack 
 
 
Swept area 
The swept area is the section of air that encloses the turbine in its movement, the shape of 
the swept area depends on the rotor configuration, this way the swept area of an HAWT is 
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circular shaped while for a straight-bladed vertical axis wind turbine the swept area has a 
rectangular shape and is calculated using: 
S = 2R L   [eq. 1.1] 
where S is the swept area [m2], R is the rotor radius [m], and L is the blade length [m]. The 
swept area limits the volume of air passing by the turbine. The rotor converts the energy 
contained in the wind in rotational movement so as bigger the area, bigger power output in 
the same wind conditions.  
 
Power and power coefficient 
The power available from wind for a vertical axis wind turbine can be found from the following 
formula: 
𝑃𝑤 =
1
2
𝜌𝑆𝑉0    [eq. 1.2] 
where Vo is the velocity of the wind [m/s] and ρ is the air density [kg/m3], the reference 
density used its standard sea level value (1.225 kg/m3 at 15ºC), for other values the source 
[Aerospaceweb.org, 2005] can be consulted. Note that available power is dependent on the 
cube of the airspeed. The power the turbine takes from wind is calculated using the power 
coefficient: 
𝐶𝑝 =
𝐶𝑎𝑝𝑡𝑢𝑟𝑒𝑑 𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 𝑏𝑦 𝑏𝑙𝑎𝑑𝑒𝑠
𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑝𝑜𝑤𝑒𝑟 𝑖𝑛 𝑤𝑖𝑛𝑑
  [eq. 1.3] 
 
Cp value represents the part of the total available power that is actually taken from wind, 
which can be understood as its efficiency. There is a theoretical limit in the efficiency of a wind 
turbine determined by the deceleration the wind suffers when going across the turbine. For 
HAWT, the limit is 19/27 (59.3%) and is called Lanchester-Betz limit [22]. For VAWT, the limit 
is 16/25 (64%) [23]. These limits come from the actuator disk momentum theory which 
assumes steady, inviscid and without swirl flow. Making an analysis of data from market small 
VAWT, the value of maximum power coefficient has been found to be usually ranging between 
0.15 and 0.22. This power coefficient only considers the mechanical energy converted directly 
from wind energy; it does not consider the mechanical-into-electrical energy conversion, 
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which involves other parameters like the generator efficiency.  
 
Tip Speed Ratio 
The power coefficient is strongly dependent on tip speed ratio, defined as the ratio between 
the tangential speed at blade tip and the actual wind speed. 
𝑇𝑆𝑅 =
𝑇𝑎𝑛𝑔𝑒𝑛𝑡𝑖𝑎𝑙 𝑠𝑝𝑒𝑒𝑑 𝑎𝑡 𝑡ℎ𝑒 𝑏𝑙𝑎𝑑𝑒 𝑡𝑖𝑝
𝐴𝑐𝑡𝑢𝑎𝑙 𝑤𝑖𝑛𝑑 𝑠𝑝𝑒𝑒𝑑
=
𝑅𝜔
𝑉0
   [eq. 1.4] 
here ω is the angular speed [rad/s], R the rotor radius [m] and Vo the ambient wind speed 
[m/s]. Each rotor design has an optimal tip speed ratio at which the maximum power 
extraction is achieved. This optimal TSR presents a variation depending on ambient wind 
speed.  
 
Blade chord 
The chord is the length between leading edge and trailing edge of the blade profile. The blade 
thickness and shape is determined by the airfoil used, where the blade curvature and 
maximum thickness are defined as percentage of the chord.  
 
Number of blades 
The number of blades has a direct effect in the smoothness of rotor operation as they can 
compensate cycled aerodynamic loads. For easiness of building, four and three blades have 
been contemplated. 
 
Solidity 
The solidity σ is defined as the ratio between the total blade area and the projected turbine. 
It is an important non-dimensional parameter which affects self-starting capabilities and for 
straight bladed VAWTs is calculated with [25]: 
𝜎 =
𝑁𝐶
𝑅
    [eq. 1.5] 
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where N is the number of blades, c is the blade chord, L is the blade length and S is the swept 
area, it is considered that each blade sweeps the area twice. This formula is not applicable for 
HAWT as they have different shape of swept area. Solidity determines when the assumptions 
of the momentum models are applicable, and only when using high σ ≥ 0.4 a self-starting 
turbine is achieved [22]. 
 
Initial angle of attack 
The initial angle of attack is the angle the blade has regarding its trajectory, considering 
negative the angle that locates the blade’s leading edge inside the circumference described 
by the blade path. A positive initial angle of attack broadens the range of angular speed 
operation and a negative one shortens it; this is interesting when fixing the maximum rpm. 
Furthermore the torque is influenced the same way resulting in a lower maximum power 
coefficient and torque for negative angles of attack. 
 
 
1.1.4 Utility possibilities 
 
Utility possibilities for small wind turbines can be divided into several broad categories: for 
mechanical purpose like pumping water, generating electricity on-grid or off-grid (at remote 
sites) producing electricity in parallel with the electric utility or storing it into batteries.  
In the urban areas the most probably is to have On-grid electricity generation. This electricity 
is used for buildings (school, centres, houses, flats,...) for common uses and if there is excess 
of energy this might be sold to the company or stored into batteries for later demands. This 
option allows the possibility to use the grid electricity when there is no wind, and therefore 
no energy production, avoiding by this way the need of batteries.  
In the remote areas where the viability of the grid electricity is impossible wind turbines are 
supplying energy for lighting, telecommunications towers or other kind of machines. If there 
is an excess of energy the electricity has to be stored into batteries to be ready for other later 
demands. In off-grid systems, wind turbines are working together with solar panels or other 
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small generators to take advantage of the maximum energy available and be assured of 
continuous power supply.  
Interesting fact; considering that thousands of Mongolian nomads use modern micro turbines 
to boil water for tea, Central Americans use small wind turbines to refrigerate fresh fish for 
delivery to nearby markets and Antarctic explorers use them to power their isolated base 
camps, the list is long and sometimes surprising. The applications for small wind turbines are 
limited only by our imagination. 
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1.2 Impact on environment  
 
Environmental impacts are of considerable importance when dealing with urban wind 
systems. A given development should not benefit the global environment to the detriment of 
the local environment. The various environment impacts of any scheme must therefore be 
properly assessed and measures taken if and where appropriate to avoid unfavorable effects 
either to equipment, the immediate surroundings or the various stakeholders. 
The most common issues relating to environment impact are: 
• Public safety 
• Noise 
• Visual effects 
• Shadow flicker and blade-reflected light 
• Vibrations 
• Biodiversity and birds 
There are also other environment impacts like electromagnetic interference, but these 
depend on the turbine and other aspects and they are to particular to be mentioned here. 
 
Public Safety 
The public safety implications of wind turbine implementation are the first issue to be 
considered. These are a particularly important aspect for a planning submission. As with all 
developments, the risks will have to be limited to a quantifiable, generally accepted risk level.  
The most common public safety risks could include major failure of turbine tower and 
subsequent collapse of the nacelle and blades, shedding of parts or blades during operation 
and ice forming on the blades during winter. Examples of turbine failure and even tower 
collapse can be found in the history of turbine development. However, it may be fair to say 
that these have generally been as a result of extremely windy conditions or poorly designed 
installations.  
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Although the likelihood of a major tower failure over the course of the lifetime of a well 
designed turbine is extremely small, it may be the perception of safety that plays an important 
role in the minds of the public and indeed planners. For a safety point of view, the minimum 
separation distance between a turbine (a typical HAWT) and the nearest building or sensitive 
area can be thought of as the turbine height plus 10% (fall-over distance). But this is for large 
turbines. There are of course many examples of turbines installed on roofs that do not adhere 
to these recommendations. 
Over the last decades, worldwide, there have been several deaths related to wind turbines. 
The attached detailed Table 1 includes all documented cases of wind turbine related accidents 
from the last 40 years which could be found and confirmed through press reports or official 
information releases up to 30 September 2009 [25]. 
 
Year 70s 80s 90-94 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09* 
No. 1 8 17 5 9 16 8 33 29 12 63 51 52 54 54 83 111 68 
 
Table 1.1 – Wind turbines global accidents [25] 
 
These accidents include: fatal accidents, human injury, blade failure, fire accidents, structural 
failure, ice throw, environmental damage (including bird deaths), accidents during 
transportation and others. Ice build-up will not be an issue in many areas. But for example in 
Estonia, where the weather can rise very low temperatures, this can be a potential problem. 
In some turbines, ice build-up can cause an imbalance in the blades and bring the turbine to 
an automatic shut-down. If the risk of ice falling and ice throwing is considered to be significant 
and likely to cause damage to structures and vehicles or injury to the general public, a safety 
zone can be designed and also a maintenance schedule should be thought. 
 
 
 
 
Luka Cindrić – Autonomous hybrid system for household energy supply on island of Rab, Croatia 
33 
 
Noise 
Virtually everything with moving parts will make some sound, and wind turbines are no 
exception. Well designed wind turbines are generally quiet in operation, and compared to the 
noise of road traffic, trains, aircraft and construction activities, to name but a few, the noise 
from wind turbines is very low. 
Noise is measured in decibels (dB). The decibel is a measure of the sound pressure level, i.e. 
the magnitude of the pressure variations in the air. An increase of 10 dB sounds roughly like a 
doubling of loudness. Measurements of environmental noise are usually made in dB(A) which 
includes a correction for the sensitivity of the human ear.  
The noise a wind turbine creates is normally expressed in terms of its sound power level. 
Although this is measured in dB(A), it is not a measurement of the noise level which we hear 
but of the noise power emitted by the machine. 
Most European countries (i.e. the UK, Germany or Netherlands) have statutory legislation to 
regulate general noise level limits and, in many cases, specific guidelines and 
recommendations setting out advice for the assessment and measurement of noise from wind 
turbines. Normally rural areas are quiet with a low background noise (<40 dBA) as mentioned 
on the Table 2.  
In contrast, in urban areas, the ordinary background noise levels can reach 60- 70dBA. The 
lack of precedents for the sitting of wind turbines in urban or residential locations will usually 
mean that planning conditions are set on a case-by-case basis based on the existing noise 
regulation relative to the urban environment. 
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Source / Activity Indicative noise level (dBA) Human response 
 0-10 Just audible 
Broadcasting studio 20  
Rural night-time background 20-40 Very quiet 
Quiet bedroom 35  
Wind farm at 350m 35-45 Quiet 
Car at 65 km/h at 100m 55  
Busy general office 60  
Truck at 50 km/h at 100m 65 Intrusive 
Pneumatic drill at 7m 95 Hearing damage 
Shout at 15cm 100  
Jet aircraft at 250m 105  
 140 Threshold of pain 
 
Table 1.2 – Indicative noise level (dBA) of source of sounds [26] 
 
There are four types of noise that can be generated by wind turbine operation: tonal, broadband, low 
frequency and impulsive:  
Tonal noise is defined as noise at discrete frequencies. It is caused by wind turbine components such 
as meshing gears, non aerodynamic instabilities interacting with a rotor blade surface or unstable flows 
over holes or slits or a blunt trailing edge.  
Broadband: This is noise characterized by a continuous distribution of sound pressure with frequencies 
greater than 100 Hz. It is often caused by the interaction of wind turbine blades with atmospheric 
turbulence, and also described as a characteristic "swishing" or "whooshing" sound. 
Low frequency: Noise with frequencies in the range of 20 to 100 Hz is mostly associated with downwind 
turbines (turbines with the rotor on the downwind side of the tower). It is caused when the 
turbine blade encounters localized flow deficiencies due to the flow around a tower. 
Impulsive: This noise is described by short acoustic impulses or thumping sounds that vary in 
amplitude with time. It is caused by the interaction of wind turbine blades with disturbed air 
flow around the tower of a downwind machine [27]. 
 
 
Luka Cindrić – Autonomous hybrid system for household energy supply on island of Rab, Croatia 
35 
 
The sources of noise emitted from operating wind turbines can be divided into two categories: 
• Aerodynamic 
• Mechanical 
Aerodynamic, where the noise is radiated from the blades and is mainly associated with the 
interaction of turbulence with the surface of the blades. And Mechanical, normally associated 
with the gearbox, the generator and the control equipment. 
Different wind turbines produce different qualities and levels of sound. In the past noise was 
not so relevant, but fortunately, technological improvement and increase understanding of 
the mechanisms associated with noise generation has ushered in new manufacturing 
processes and quieter turbines. 
Smaller turbines generally produce less noise and in some cases are almost completely silent. 
For example, in Savonius or helical blade scoops turbines the sound is almost negligible as a 
consequence of using “drag forces”. 
Urban wind turbine noise could be reduced using a better blade shapes design (using pitch 
control in large scale) and with a good gearbox acoustic isolation. The magnetic levitation or 
other improvements could also help to this propose. Most small wind turbines do not have 
gearboxes or other noisy mechanical systems, and manufacturers have made them quieter 
through better sound insulation, lower rotor speeds and adjustments to blade geometry. 
But there are still some studies about noise. For example, noise measurements have been 
made by the National Renewable energy Laboratory of University of Massachusetts on a 900 
Watt horizontal wind turbine, the Whisper 40 (Huskey and Meadors, 2001). This wind turbine 
has a rotor diameter of 2.1 m and was mounted on a 9.1 m tower. The rotor rotates at 300 
rpm at low power. The rotation speed increases to 1200 rpm as the rotor rotates out of the 
wind to limit power in high winds. This operation results in a blade tip speeds between 33 and 
132 m/s. 
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Figure 1.12 – Measured sound power levels of Southwest Whisper 900 turbine [27] 
 
Figure 12 illustrates the sound pressure level (with the background noise removed) and the 
background noise levels at a distance of 10 meters from the wind turbine base. Between 6 
and 13 m/s the wind turbine sound pressure increases over 13 dB. This is a very large increase 
in sound level and would be experienced as more than a doubling of the sound level. 
Moreover, it increased enough that the background sound level, which also increased with 
wind speed, was not enough to mask the wind turbine noise until the wind speed increased 
to over 13 m/s.  
Average noise levels for small wind turbines are around 50-57 dB(A) at the nacelle. [27] 
 
Visual effects  
Noise is not the main problem in wind power development. Visual impact is usually considered 
the most important and most discussed local or regional effect. It is often presented as a 
matter of individual taste, though there are some common factors in ‘public taste. 
One such factor is the perceived contrast of a wind turbine (farm) and its environment: a 
higher contrast will have more impact, either in a positive or negative way. A peculiarity of 
turbines is that the rotational movement makes them more conspicuous and thus enhances 
visual impact. This common notion suggests that wind turbines in a built up area will have less 
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impact relative to a remote natural area (though this may be overruled by the number of 
people perceiving the impact).  
A second factor is attitude: e.g. farmers usually have a different attitude to the countryside 
than ‘city folk’ have, and hence they differ in judgments on the appropriateness of a building, 
construction or activity in the countryside. It is predictable that when residents have a positive 
association with a neighboring wind farm they will experience less annoyance from the visual 
impact. For a wind turbine owner the sound of each blade passing means another half kWh is 
generated and is perhaps associated with the sound of coins falling into his lap, a lullaby. 
But relating to urban areas, visual effects of large structures usually relate to the impairment 
of nationally or locally designed buildings, monuments or areas of importance to the 
landscape. Urban wind turbines should also not be incongruous or overly dominant 
components of the local or distant views. There are many examples of turbines imitating 
plants or animal shapes used in urban areas. 
In small towns or small urban areas a reasonable turbine could serve to create a focal point, 
or dynamic monument, which could become of importance to the townscape and become a 
symbol for renewable energy for the future. [28] 
 
Shadow flicker and blade-reflected light 
Wind turbines, like other tall structures will cast a shadow on the neighboring area when the 
sun is visible. If there are houses close to the wind turbine, it may be annoying if the rotor 
blades chop the sunlight, causing a flickering effect while the rotor is in motion. 
Shadow flicker occurs under a special set of conditions when the sun passes behind the hub 
of a wind turbine and casts a shadow over neighboring properties. When the blades rotate, 
shadows pass over the same point causing an effect called “shadow flicker”. 
Some people get dizzy, lose their balance, or become nauseated when they see the movement 
of shadows or the movement of the huge blades themselves. 
The seasonal timing and duration of this effect can be accurately calculated from the geometry 
of the machine, its orientation relative to nearby houses and the latitude of the potential site, 
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using computer software. There are many of them. Any properties which may potentially be 
affected can be identified and the risk calculated. 
Focalising in urban wind turbines, the shadow flicker effect is not a main problem. Most of 
designs don’t have any big blades rotating or passing by the same point with frequency.  
Apart from shadow flicker, problems can be caused by the suns light reflecting off the blades 
which can produce a flashing effect visible for some distance. This can be mitigated by choice 
of finishing. Light grey semi-matt finishes are often used, however, other colours and patterns 
can also reduce the effect further. [28,29] 
 
Vibrations 
We may think that vibrations of turbines could only produce noise, but regarding to urban 
areas vibrations could be dangerous for constructions. In rooftop wind turbines, this fact 
should be very good analyzed before installing them. 
The use of vertical wind turbines with magnetic levitation technology or vibration isolation 
helps to reduce the damage. 
Due to the structural limitations of buildings, the limited space in urban areas, and safety 
considerations, wind turbines mounted on buildings are usually small (with nameplate 
capacities in the low kilowatts), rather than the megawatt-class wind turbines which are most 
economical for wind farms. A partial exception is the Bahrain World Trade Centre with three 
225 kW wind turbines mounted between twin skyscrapers. 
 
Biodiversity and birds 
In the past this subject has created some heated debate between the wind industry and 
campaigners. Mistakes have been made where turbines have been installed in migration 
paths. However, consultation with avian experts is now a standard part of wind manufacturers 
and installers in order to avoid such misfortunes. 
Since around the year 2000, however, the design of utility scale wind turbines has changed 
greatly with lower blade speeds and more visibility or changing colors and patterns on the 
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blades. The assumption that wind farms are still today killing a large number of birds has 
turned into a myth. 
VAWT are more softer with birds killing, they tend to be bird-friendly. Their blades design and 
smaller structures help to the purpose. They are also mounted closer to the ground. 
Sitting wind energy near the end users and away from natural habitats is usually more 
favorable in terms of limiting the impact on birds and bats. If a particular urban wind turbine 
is considered to be a threat to wildlife, the planning authority can stipulate to change the place 
of that turbine, and this would result cheaper than the same process with a large wind turbine. 
On a wider scale, it is clear that the continued use of conventionally fueled power plants could 
eliminate many hundreds or even thousands of creatures as well as entire species thought, 
for example, climate change, acid rain, and pollution. So wind turbines seem to be a good 
choice for the future. 
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1.3 Guidelines for WT placement 
 
Proper and smart choice of location for WT is really important, when it comes to its efficiency 
and usability. Such locations should be large areas with very little roughness of the terrain, i.e. 
low and small barriers to wind flow, with a satisfactory average annual wind speed. WT 
placement in general should meet the criteria of practical rules relating to technical, 
sociological and nature protection aspects.  
A small WT can be placed alone or mounted on an existing building or structure. When 
installing wind turbines, a practicable rule of distance from adjacent parcels should be met, 
which should be at least 1 height of the column on which the wind turbine is mounted, to 
avoid possible accident and danger [43]. Wind turbines mounted on the pillars produce far 
more energy than those mounted on the roofs of the house. WTs on roofs of houses also 
require more careful planning to avoid potential hazardous situations in order to ensure safe 
operation of WT. 
The height of the pillar on which the wind turbine is to be mounted should be as high as 
possible, because at a higher altitude the impact of the surface on the wind is less powerful. 
At higher altitudes, the wind blows less turbulently and with a higher speed, which means that 
the force in the wind is exponentially larger and more usable. A relatively small investment in 
a higher pillar can significantly increase WT utilization. 
The distance of the turbine from the electrical input should be as small as possible to reduce 
power transmission losses. The length of the conductor between the WT and the consumer 
has to be taken into account, due to the fact that a significant percentage of energy can be 
lost due to the resistance of the conductor. Losses in the wires are higher if the current is DC, 
than if current is AC, so it is recommended that the inverter is positioned closer to the DC 
source. 
There is a significant difference in the positioning of small wind turbines in rural, open spaces 
and urbanized areas. Small WTs located in rural areas will yield higher production than those 
located in urbanized zones. Local conditions such as the relative wind direction, the shape of 
houses and their position in the area have a significant impact on wind flow in urban areas. 
Most of the coastal sites are urban areas with plenty of densely populated houses, among 
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which are narrow streets. There have been a few studies aimed at optimizing the best way to 
position small WTs in urban areas. It is clear that the airflow is influenced by adjacent 
buildings, meaning that the object for which the WT is to be set cannot be considered as a 
separate unit. Recommendations suggest, that ideal urban areas for the installation of small 
WTs would be on a flat road parallel to the dominant wind direction and a long series of houses 
(in same direction). Also, the simplified rule based on the results of the simulation says that 
for houses in a homogeneous sequence with a height of 10 meters, the maximum wind speed 
at height of WT is equal to half the average annual wind speed, if the wind turbine is set at 3 
meters above the house height. [43] 
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Chapter 2: SOLAR ENERGY AND PHOTOVOLTAIC 
SYSTEMS 
 
 
Every hour the sun emits more energy than it needs to meet the world's energy needs for the 
whole year. There are various solar energy utilization technologies that today receive less than 
a tenth of world energy needs. 
The simplest way to exploit solar energy is to use large windows on the sunny side of the 
building. Solar energy is that way absorbed in the floor and walls and it warms the building. 
Photovoltaic (PV) solar panels are transforming the solar energy into electricity. Panels are 
made of semiconductor materials. When panels are exposed to sunlight, electrons in 
semiconductor material begin to move through the panels and they generate electrical 
energy. 
Solar thermal energy can also be used to heat household water and for heating or cooling the 
household area using the thermal solar panels. At a higher level, in the solar thermal power 
plants, various solar energy concentration techniques are used to obtain the thermal energy. 
The obtained heat is used to gain water vapor (directly or through oil or molten salts), which 
drives a steam turbine that then produces electrical energy. 
Solar energy is a practically inexhaustible source of energy that does not pollute the 
environment, but to have the electricity during the night, batteries or other storage methods 
are needed. Weather conditions also limit the obtained energy and it makes it an unreliable 
source. Panels are also expensive and they require a large surface to produce a larger amount 
of energy.  
Despite the disadvantages, the use of solar energy is growing at around 20% per year over the 
last fifteen years thanks to increased efficiency and price drop. In addition to various state 
subsidies, the use of solar energy is usually payable over the next five to ten years. [33,30]  
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Figure 2.1 shows horizontal irradiation map of Europe [38] 
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2.1 Photovoltaic solar panels 
 
 
The sun provides a maximum power of about 1000 W/m2, from which PV solar panels exploit 
on average about 130 W/m2 for sunny days with a favorable orientation towards the sun. 
Impurities on the panel surface and high temperatures further reduce panel efficiency. The 
photovoltaic effect was discovered in 1839 and it took almost one hundred years until it 
became fully explained. 
Photons of sunlight are breaking the electron bonds in the semiconductor material and 
allowing the free motion of electrons within semiconductor material. The places that electrons 
leave are becoming positively charged. PV panels usually consist of two thin semiconductor 
layers, where one becomes positively and the other negatively charged, which generates an 
electric field. By closing the circuit, the generated energy can be used on a consumer or it can 
be stored in a battery. 
 
Figure 2.2 show a typical rooftop PV system [37] 
 
Commercial PV solar panels have an efficiency of 10% to 20%, but a constant researches are 
raising their efficiency. 
At a temperature of 25 °C a high-quality silicon solar cell produces about 0.60V of voltage in 
an open circuit. Like a battery, solar cells can be connected serial and parallel to get higher 
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voltages and currents. By connecting more solar cells, we gain a solar panel. The solar panel 
surface temperature in strong sunlight can grow over 45 °C, reducing a cell voltage to 0.55V. 
Solar panels become more efficient at lower temperatures, but at lower temperatures battery 
problems may appear. The internal resistance of the solar cell is relatively high, with the 
commercial panels, the serial resistance is approximately 1 Ω/cm2.  
A charge regulator is required, in order to store the electrical energy generated by PV solar 
panels in the battery storage. The charge regulator controls the current voltage, so that it can 
be suitable for a battery charging. For sunny days, the voltage of 12V solar panel can grow up 
to 40V, which is why a regulator is needed. The charging regulator can only be used to charge 
the batteries for which it is intended, otherwise the safety and life span of the battery is 
questionable.  
Cheaper charging regulators filling batteries only when a sufficient amount of sunlight is 
available. If the amount of sunlight is smaller than it is required, charging regulator turns off 
and the generated electrical power is not stored in the battery. This kind of charging regulators 
are not usable during the sunrise and sunset, which is limiting the production of electricity. 
Better charging regulators are monitoring power by measuring voltage and regulating the 
current, to obtain maximum transfer of power under given lighting conditions, and so they 
can exploit the sunlight of lower light intensity. [31] 
The prices of PV solar panels and PV system components are in decline, and this decline will 
continue in the future thanks to various innovations, increased production, automation of 
production and market demands. The average cost of the module (cell) for PV power plants in 
2015 was between 0.52 USD/W and 0.72 USD/W, and a fall in prices is expected to be between 
0.30 and 0.40 USD/W by 2025 [32]. In areas with favorable conditions for the use of PV solar 
panels, there is a possibility in the near future of producing electricity at a cost of 0.03 
USD/kWh, making such a production the cheapest in the market with the exception of some 
hydro power plants. In the next ten years, the average worlds total installation costs for a 
larger PV systems could fall by 57% compared to installation costs in 2015. 
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Figure 2.3 shows a global average price of PV panels for solar power plants [32] 
 
 
Figure 2.4 shows an average prices of PV panels for power plants and households [32] 
 
PV solar panels are applied in roof systems and systems integrated into buildings, solar power 
plants, spacecrafts, smaller electric devices, for power supply to inaccessible areas and in 
various other situations. PV systems are often placed on rooftops of houses and buildings, but 
nowadays systems are increasingly being implemented into the walls or roofs of newly 
buildings. Roof systems produce enough electricity for households (ones that are saving 
energy), despite the fact that they are much smaller than PV power plants, representing the 
most of worlds total PV capacity. Between 2010 and 2014, the capacity of roof PV systems 
grew from 30 GW to 100 GW, and according to the estimates, it may grow up to 580 GW by 
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2030 [1]. However, the roof PV systems are insufficient to meet energy needs in cities, 
especially in those with limited space and high population density. The integration of PV 
systems in cities on a larger scale requires a careful urban planning and new architectural 
concepts. Different concepts such as solar windows, solar roof tiles and similar are in testing, 
and they do not have a large market for because of high prices. Progress of technology, 
especially energy gain per square meter, continues and is of great importance for urban areas 
with limited space for solar panels. The average solar cell efficiency was 16-17% in 2015, and 
it is predicted to be 20-22% by 2025. Further advances in PV systems could raise their 
efficiency to over 25%. [1,30,31,32] 
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2.2 Application of PV systems 
 
 
There are many kinds of PV systems, and they range from small rooftop mounted or building-
integrated systems with capacities from a few to several tens of kilowatts, to large utility-scale 
power stations of hundreds of megawatts. First used in the space program, PV systems are 
now both generating electricity to pump water, light up the night, activate switches, charge 
batteries, supply the electric utility grid, and more.  Here I will try to give a short description 
of PV system usability for different matters. [34] 
 
Rooftop and building integrated systems 
PV arrays are often associated with buildings: either integrated into them, mounted on them 
or mounted nearby on the ground. Rooftop PV systems are most often retrofitted into existing 
buildings, usually mounted on top of the existing roof structure or on the existing walls. 
Alternatively, an array can be located separately from the building but connected by cable to 
supply power for the building. Building-integrated photovoltaics are increasingly incorporated 
into the roof or walls of new domestic and industrial buildings as a principal or ancillary source 
of electrical power. Roof tiles with integrated PV cells are sometimes used as well. Provided 
there is an open gap in which air can circulate, rooftop mounted solar panels can provide a 
passive cooling effect on buildings during the day and also keep accumulated heat in at night. 
Typically, residential rooftop systems have small capacities of around 5–10 kW, while 
commercial rooftop systems often amount to several hundreds of kilowatts. Although rooftop 
systems are much smaller than ground-mounted utility-scale power plants, they account for 
most of the worldwide installed capacity. 
 
Concentrator photovoltaics 
Concentrator photovoltaics (CPV) is a photovoltaic technology that contrary to conventional 
flat-plate PV systems uses lenses and curved mirrors to focus sunlight onto small, but highly 
efficient, multi-junction (MJ) solar cells. In addition, CPV systems often use solar trackers and 
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sometimes a cooling system to further increase their efficiency. Ongoing research and 
development is rapidly improving their competitiveness in the utility-scale segment and in 
areas of high solar insolation. 
 
Figure 2.5 shows example of concentrator photovoltaics [40] 
 
Photovoltaic thermal hybrid solar collector 
Photovoltaic thermal hybrid solar collector (PVT) are systems that convert solar radiation into 
thermal and electrical energy. These systems combine a solar PV cell, which converts sunlight 
into electricity, with a solar thermal collector, which captures the remaining energy and 
removes waste heat from the PV module. The capture of both electricity and heat allow these 
devices to have higher exergy and thus be more overall energy efficient than solar PV or solar 
thermal alone. 
 
Power stations 
Many utility-scale solar farms have been constructed all over the world. As of 2015, the 579-
megawatt (MWAC) Solar Star is the world's largest photovoltaic power station, followed by 
the Desert Sunlight Solar Farm and the Topaz Solar Farm, both with a capacity of 550 MWAC, 
constructed by US-company First Solar, using CdTe modules, a thin-film PV technology. All 
three power stations are located in the Californian desert. Many solar farms around the world 
are integrated with agriculture and some use innovative solar tracking systems that follow the 
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sun's daily path across the sky to generate more electricity than conventional fixed-mounted 
systems. There are no fuel costs or emissions during operation of the power stations. 
 
Figure 2.6 shows Topaz solar farm (USA) - PV power plant [42] 
 
Rural electrification 
Developing countries where many villages are often more than five kilometers away from grid 
power are increasingly using photovoltaics. In remote locations in India a rural lighting 
program has been providing solar powered LED lighting to replace kerosene lamps. The solar 
powered lamps were sold at about the cost of a few months' supply of kerosene. Cuba is 
working to provide solar power for areas that are off grid. More complex applications of off-
grid solar energy use include 3D printers. RepRap 3D printers have been solar powered with 
photovoltaic technology, which enables distributed manufacturing for sustainable 
development. These are areas where the social costs and benefits offer an excellent case for 
going solar, though the lack of profitability has relegated such endeavors to humanitarian 
efforts. However, in 1995 solar rural electrification projects had been found to be difficult to 
sustain due to unfavorable economics, lack of technical support, and a legacy of ulterior 
motives of north-to-south technology transfer. 
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Standalone systems 
Until a decade or so ago, PV was used frequently to power calculators and novelty devices. 
Improvements in integrated circuits and low power liquid crystal displays make it possible to 
power such devices for several years between battery changes, making PV use less common. 
In contrast, solar powered remote fixed devices have seen increasing use recently in locations 
where significant connection cost makes grid power prohibitively expensive. Such applications 
include solar lamps, water pumps, parking meters, emergency telephones, trash compactors, 
temporary traffic signs, charging stations, and remote guard posts and signals. 
 
Floatovoltaics 
In May 2008, the Far Niente Winery in Oakville, CA pioneered the world's first "floatovoltaic" 
system by installing 994 photovoltaic solar panels onto 130 pontoons and floating them on 
the winery's irrigation pond. The floating system generates about 477 kW of peak output and 
when combined with an array of cells located adjacent to the pond is able to fully offset the 
winery's electricity consumption. The primary benefit of a floatovoltaic system is that it avoids 
the need to sacrifice valuable land area that could be used for another purpose. In the case of 
the Far Niente Winery, the floating system saved three-quarters of an acre that would have 
been required for a land-based system. That land area can instead be used for agriculture. 
Another benefit of a floatovoltaic system is that the panels are kept at a lower temperature 
than they would be on land, leading to a higher efficiency of solar energy conversion. The 
floating panels also reduce the amount of water lost through evaporation and inhibit the 
growth of algae. 
 
In transport 
PV has traditionally been used for electric power in space. PV is rarely used to provide motive 
power in transport applications, but is being used increasingly to provide auxiliary power in 
boats and cars. Some automobiles are fitted with solar-powered air conditioning to limit 
interior temperatures on hot days. A self-contained solar vehicle would have limited power 
and utility, but a solar-charged electric vehicle allows use of solar power for transportation. 
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Solar-powered cars, boats and airplanes have been demonstrated, with the most practical and 
likely of these being solar cars. The Swiss solar aircraft, Solar Impulse 2, achieved the longest 
non-stop solo flight in history and plan to make the first solar-powered aerial circumnavigation 
of the globe in 2015. 
 
Telecommunication and signaling 
Solar PV power is ideally suited for telecommunication applications such as local telephone 
exchange, radio and TV broadcasting, microwave and other forms of electronic 
communication links. This is because, in most telecommunication application, storage 
batteries are already in use and the electrical system is basically DC. In hilly and mountainous 
terrain, radio and TV signals may not reach as they get blocked or reflected back due to 
undulating terrain. At these locations, low power transmitters (LPT) are installed to receive 
and retransmit the signal for local population. 
 
Figure 2.7 shows solar powered railway safety light [42] 
 
Spacecraft applications 
Solar panels on spacecraft are usually the sole source of power to run the sensors, active 
heating and cooling, and communications. A battery stores this energy for use when the solar 
panels are in shadow. In some, the power is also used for spacecraft propulsion—electric 
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propulsion. Spacecraft were one of the earliest applications of photovoltaics, starting with the 
silicon solar cells used on the Vanguard 1 satellite, launched by the US in 1958. Since then, 
solar power has been used on missions ranging from the MESSENGER probe to Mercury, to as 
far out in the solar system as the Juno probe to Jupiter. The largest solar power system flown 
in space is the electrical system of the International Space Station. To increase the power 
generated per kilogram, typical spacecraft solar panels use high-cost, high-efficiency, and 
close-packed rectangular multi-junction solar cells made of gallium arsenide (GaAs) and other 
semiconductor materials. 
 
Specialty Power Systems 
Photovoltaics may also be incorporated as energy conversion devices for objects at elevated 
temperatures and with preferable radiative emissivity such as heterogeneous combustors. 
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2.3 Advantages and disadvantages of PV systems 
 
PV solar panels are becoming very popular and are a step in the right direction in terms of 
utilizing free solar energy. Solar energy systems’ technology is continually developing new 
ways to capture and utilize the vast amounts of free energy provided by nature. However, 
with solar energy systems’ technology, we are still behind in capturing this naturally free vast 
amount of energy provided by nature. Below are key advantages and disadvantages of solar 
panels. [36] 
 
Benefits of investing in PV system: 
• PV panels provide clean, green energy. During electricity generation with PV panels 
there is no harmful greenhouse gas emissions thus solar PV is environmentally friendly. 
• Solar energy is energy supplied by nature, it is renewable and free 
• Solar energy can be made available almost anywhere if there is sunlight 
• Solar energy is especially appropriate for smart energy networks with distributed 
power generation  
• Solar Panels cost is currently on a fast reducing track and is expected to continue 
reducing for the next years – consequently solar PV panels has indeed a highly 
promising future both for economical viability and environmental sustainability. 
• PV panels, through photoelectric phenomenon, produce electricity in a direct 
electricity generation way 
• Operating and maintenance costs for PV panels are considered to be low, almost 
negligible, compared to costs of other renewable energy systems 
• PV panels have no mechanically moving parts, except in cases of –sun-tracking 
mechanical bases; consequently they have far less breakages or require less 
maintenance than other renewable energy systems (e.g. wind turbines) 
• PV panels are totally silent, producing no noise at all; consequently, they are a perfect 
solution for urban areas and for residential applications  
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• Because solar energy coincides with energy needs for cooling PV panels can provide 
an effective solution to energy demand peaks – especially in hot summer months 
where energy demand is high. 
• Though solar energy panels’ prices have seen a drastic reduction in the past years, and 
are still falling, nonetheless, solar photovoltaic panels are one of major renewable 
energy systems that are promoted through government subsidy funding; thus financial 
incentive for PV panels make solar energy panels an attractive investment alternative. 
• Residential solar panels are easy to install on rooftops or on the ground without any 
interference to residential lifestyle. 
 
Weaknesses of PV system: 
• As in all renewable energy sources, solar energy has intermittency issues; not shining 
at night but also during daytime there may be cloudy or rainy weather. 
• Consequently, intermittency and unpredictability of solar energy makes solar energy 
panels less reliable a solution. 
• Solar energy panels require additional equipment (inverters) to convert direct 
electricity (DC) to alternating electricity (AC) in order to be used on the power network. 
• For a continuous supply of electric power, especially for on-grid connections, 
Photovoltaic panels require not only Inverters but also storage batteries; thus 
increasing the investment cost for PV panels considerably 
• In case of land-mounted PV panel installations, they require relatively large areas for 
deployment; usually the land space is committed for this purpose for a period of 15-
20 years – or even longer. 
• Solar panels efficiency levels are relatively low (between 14%-25%) compared to the 
efficiency levels of other renewable energy systems. 
• Though PV panels have no considerable maintenance or operating costs, they are 
fragile and can be damaged relatively easily; additional insurance costs are therefore 
of ultimate importance to safeguard a PV investment. 
Luka Cindrić – Autonomous hybrid system for household energy supply on island of Rab, Croatia 
56 
 
2.4 Environmental impact of using solar energy 
 
The sun is a huge source of energy which has only recently been tapped into. It provides 
immense resources which can generate clean, non-polluting and sustainable electricity, thus 
resulting in no global warming emissions. In recent years, it was discovered that the power of 
the sun can be collected and stored, to be used on a global scale with the purpose of eventually 
replacing the conventional sources of energy. As the world is turning its focus to cleaner 
power, solar energy has seen a significant rise in importance. 
Solar energy systems offer significant environmental benefits in comparison to the 
conventional energy sources, thus they greatly contribute to the sustainable development of 
human activities. At times however, the wide scale deployment of such systems has to face 
potential negative environmental implications. These possible problems may be a strong 
barrier for further advancement of these systems in some consumers. [36] 
 
The potential environmental impacts associated with solar power can be classified according 
to numerous categories, some of which are land use impacts, ecological impacts, impacts to 
water, air and soil, and other impacts such as socioeconomic ones, and can vary greatly 
depending on the technology, which includes two broad categories: 
• Photovoltaic (PV) solar cells  
• Concentrating solar thermal plants (CSP) 
 
Land use and ecological impacts 
In the point of generating electricity at a utility-scale, solar energy facilities necessitate large 
areas for collection of energy. Due to this, the facilities may interfere with existing land uses 
and can impact the use of areas such as wilderness or recreational management areas. As 
energy systems may impact land through materials exploration, extraction, manufacturing 
and disposal, energy footprints can become incrementally high. Thus, some of the lands may 
be utilized for energy in such a way that returning to a pre-disturbed state necessitates 
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significant energy input or time, or both, whereas other uses are so dramatic that incurred 
changes are irreversible.   
 
Impacts to soil, water and air resources 
The construction of solar facilities on vast areas of land imposes clearing and grading, resulting 
in soil compaction, alteration of drainage channels and increased erosion. Central tower 
systems require consuming water for cooling, which is a concern in arid settings, as an increase 
in water demand may strain available water resources as well as chemical spills from the 
facilities which may result in the contamination of groundwater or the ground surface. 
As with the development of any large-scale industrial facility, the construction of solar energy 
power plants can pose hazards to air quality. Such threats include the release of soil-carried 
pathogens and results in an increase in air particulate matter which has the effect of 
contaminating water reservoirs. 
Other Impacts 
Besides the aforementioned environmental impacts, solar energy facilities also may have 
other impacts, such as influencing the socio-economic state of an area. Construction and 
operation of utility-scale solar energy facilities in an area would produce direct and indirect 
economic impacts. 
• The direct impacts would occur as a result of expenses on wages and salaries as well 
as the attaining of goods and services which are required for project construction and 
operation. 
• Indirect impacts would occur in the form of project wages and salaries procurement 
expenditures, which create additional employment, income, and tax revenues. Facility 
construction and operation would require in-migration of workers, affecting housing, 
public services, and local government employment. 
 
Recycling Solar Panels 
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Currently the recycling of solar panels faces a big issue, specifically, there aren't enough 
locations to recycle old solar panels, and there aren't enough non-operational solar panels to 
make recycling them economically attractive. Recycling of solar panels is particularly 
important because the materials used to make the panels are rare or precious metals, all of 
them being composed of silver, tellurium, or indium. Due to the limitability of recycling the 
panels, those recoverable metals may be going to waste which may result in resource scarcity 
issues in the future. 
Looking at silicon for example, one resource that is needed to make the majority of present 
day photovoltaic cells and which there is currently an abundance of, however a silicon-based 
solar cell requires a lot of energy input in its manufacturing process, the source of that energy, 
which is often coal, determining how large the cell's carbon footprint is. 
The lack of awareness regarding the manufacturing process of solar panels and to the issue of 
recycling these, as well as the absence of much external pressure are the causes of the 
insufficiency in driving significant change in the recycling of the materials used in solar panel 
manufacturing, a business that, from a power-generation standpoint, already has great 
environmental credibility. [36] 
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2.5 Energy storage system 
 
 
Due to the nature of sun and wind energy which cannot be predicted on time microscales and 
also the energy needs that do not necessarily coincide on the time scale with the available 
energy resources, the electricity generated by wind turbines or photovoltaic modules or in 
general by autonomous systems, has to be stored in energy tanks. Electrochemical 
accumulators or rechargeable batteries are the most widespread energy storages, but they 
can also be used as emergency batteries, raised liquid reservoirs, super-condensers and the 
like. 
Because of its simplicity, availability, versatility and relatively easy maintenance, the most 
widely used energy storage in autonomous systems are electrochemical batteries 
(rechargeable batteries). 
There are many different types of batteries on the market, depending on the application. The 
most widespread in use are lead batteries that are traditionally used as a power supply for 
demanding systems. For powering small appliances, the use of nickel-based (nickel-cadmium 
and nickel-metal hydride batteries) batteries has been widened over the past couple of years, 
replacing lithium-based batteries (lithium ion, lithium polymer, and recently lithium-iron-
phosphate). Among other battery technologies, it is important to mention RedOx batteries. 
The basic requirements for batteries are long life, low self-discharge, high charging efficiency, 
low price and easy maintenance. [39] 
Lead batteries are the most widely used electrochemical accumulators. Apart from the classic 
lead-acid battery with the electrolyte used in the vehicle, there is a number of other types of 
lead-acid batteries that allow deep discharge and are used in autonomous systems. The most 
significant representatives are a dry lead-acid battery and lead-acid battery with a gel. These 
batteries are hermetically sealed and do not need to replace the electrolyte as with 
automotive batteries, which simplifies maintenance but require stricter charge control. Due 
to its use in autonomous photovoltaic power supply systems, this type of battery is often 
called a solar battery. 
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2.6 Guidelines for PV system placement  
 
For the best use and efficiency of PV solar systems, its’ positioning is really important. The 
highest energy yield from the photovoltaic module would have been achieved by placing it 
perpendicular to the direction of the solar radiation. Due to the apparent movement of the 
Sun during the day, whose height and azimuth depend on the moment of observation, solar 
tracking systems should be used to obtain maximum energy. Despite the higher energy yield, 
the sun tracking system is more complicated for maintenance, so PV modules are often used 
in fixed installations. To maximize energy yields in this case, the photovoltaic modules should 
be oriented to the south and placed at an optimum angle.  
The optimal angle of inclination can be determined for the period in which the energy yield is 
to be maximized, eg. if the system is used throughout the year, the optimal annual angle of 
inclination is calculated. With autonomous systems, by changing the incline angle of the 
module, it is possible to change the energy yield profile by months, in other words to ensure 
safe supply during the winter period, by placing the modules at the optimum angle for the 
winter season. This practice is common in devices that use only photovoltaic modules (eg. 
GSM transmitters) as an energy source. 
The usual practice of installing photovoltaic modules is their montage on the roof of the 
building, whether it is an inclined or a flat roof. When installing on an inclined roof, modules 
are often placed directly on the roof, so that they follow the orientation and tilt of the roof. It 
cannot be expected that each roof is oriented to the south and bent at the optimum angle so 
that the energy yield of the modules thus set is reduced, although only in a small percentage. 
For the range of deviation from 15ᵒ in inclination and 30 ° in azimuth, radiated energy is 
reduced by 5%. When installing the photovoltaic modules on the flat roof, placement of 
photovoltaic modules is possible in their optimal position (south-facing, optimum angle of 
inclination, or a certain angle of incline) by placing them on the appropriate brackets. 
inclination, or a certain angle of incline) by placing on the appropriate brackets. Apart from 
roofs, photovoltaic modules can be placed on other free surfaces, without major restrictions. 
Photovoltaic modules are extremely sensitive to partial shading of modules. When installing 
photovoltaic modules on the roof, shades may appear from surrounding objects such as 
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chimneys, fences or antennas. Because of the electrical characteristics of the photovoltaic 
module, the partial shading of the modules causes a disproportionate drop in output power 
compared to the shaded surface (25% surface shading causes a power cut to 50%) and can 
create significant problems in the photovoltaic systems. [39] 
Because of the above mentioned problems, when selecting the location for photovoltaic 
modules, it is necessary to keep in mind the avoidance of local shades from surrounding 
objects. 
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Chapter 3: PROJECT ANALISYS  
 
 
3.1 Shortly about Homer software 
 
Homer is a software application developed by the National Renewable Energy Laboratory in 
the United States. This software application is used to design and evaluate technically and 
financially the options for off-grid and on-grid power systems for remote, stand-alone and 
distributed generation applications. It allows you to consider a large number of technology 
options to account for energy resource availability and other variables.  
To use the Homer economical model, it is necessary to input data describing the choice of 
technology, component price, and available energy resources. Homer uses this input data to 
simulate different combinations of systems and components. In this way, it is possible to 
compare economical and technical measures of different combinations of a small autonomous 
system with the aim of selecting the one that is optimal for specific needs. 
Homer performs energy balance calculations for each version of the system which is being 
modeled. Based on this, the feasibility of the project is determined if the modeled system, 
under defined conditions, can meet the needs of electrical energy and predict the cost of 
installation and operation of the system throughout its life span. 
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3.2 Solar potential of island Rab and productivity of the PV 
system 
 
The amount of electrical energy produced in the photovoltaic systems depends on the amount 
of solar energy charged on the photovoltaic modules. Irradiation values of solar radiation at a 
certain location depends on: the latitude, climatological parameters of the site, such as 
frequency of clouds and haze, air pressure, and shadows from surrounding locations. 
The highest energy yield for fixed systems is achieved by setting the module at the optimum 
annual angle. The optimum angle of the solar-panel is the angle at which the module should 
be placed in relation to the horizontal surface to obtain the highest possible annual irradiation. 
In addition to the optimal annual angle, the optimal angle can be calculated for the season 
and every month. Since solar radiation is a highly seasonal-dependent magnitude, which is 
very important for the sizing of autonomous systems, the average daily value of irradiation of 
inclined surfaces ranges from about 1 kWh/m2 for December to about 7 kWh/m2 for June. By 
installing a module at a small angle, it will provide higher energy yields in the summer, or if 
the angle of inclination of the module increases to the monthly optimum angle for the month 
of December, it will ensure a more even energy yield throughout the year. 
Radiation is the average density of the radiated power of the solar radiation and is equal to 
the ratio of the power of the Solar Radiation and the surface of the perpendicular surface to 
the direction of that radiation. The radiation unit is watts per square meter (W/m2). 
Irradiation is the amount of solar radiation energy that is dispersed on the surface area of a 
surface over a given time period. It is obtained by integrating the irradiation by the time. The 
irradiation unit is watt hour per square meter [Wh/m2]. Depending on the observed time 
interval, irradiation is often referred to as the hourly, daily, monthly or annual radiation sum. 
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Figure 3.1 - The average annual irradiation of the horizontal surface for the island of Rab is about 1.45 MWh / m2 
 
 
Figure 3.2 shows the average annual irradiation map [MWh / m2] of the horizontal area for the entire county and the island 
Rab 
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Table 3.1 shows the average daily irradiation data of the south oriented panel-surface depending on the angle of inclination. 
This data is obtained from the meteorological station on Rab island. 
 
The photovoltaic system's productivity depends on ambient temperature and irradiated solar 
energy. It represents the expected production of electricity per unit of installed power in a 
period of one year.  
The input data used for the calculation is the average monthly air temperature and solar 
radiation data. Measuring unit for PV productivity is kWh per kW. The purpose of this view is 
to calculate the possible production of energy from the PV system which is set at different 
angles of inclination.  
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Table 3.2 is showing PV productivity for island of Rab. This table gives data on expected PV 
productivity for the annual optimum angle, optimum angle for two seasons, summer and 
winter, and the optimal angle for the December, because it’s the worst month of the year.  
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3.3 Wind potential of island rab 
 
The wind is defined as the air mass flow caused by the difference of atmospheric pressures 
over the Earth's surface. The final characteristics of the wind, apart from differences in 
atmospheric pressures, are also influenced by the terrain configuration, primarily the 
orography and the ground cover. 
Air mass flow is characterized by a force determined by the density and wind speed. Wind 
power is proportional to the third potential of speed, which means that by increasing the wind 
speed its power changes exponentially. In practice, the wind flows through the wind turbine 
blades and rotates its rotor, which means that kinetic energy in the wind turns into the 
mechanical energy of rotor rotation. 
The prevailing wind directions are defined by the coastal line, so that the winds coming from 
the mainland towards the Adriatic are flowing vertically towards the coast (bura), and the 
winds coming from the south of the Adriatic are flowing along the coastline (jugo). Considering 
the orientation of the Adriatic coast, it is therefore mainly about the northeastern and 
southeastern winds. The wind intensity is stronger in winter than in the summer, especially in 
January and February when the bura is the most frequent wind. Jugo is characterized by the 
beginning of spring and autumn. 
 
 
Figure 3.3 shows annual “Rose wind diagram” for island Rab – according to the Windfinder 
Luka Cindrić – Autonomous hybrid system for household energy supply on island of Rab, Croatia 
68 
 
 
 
Figure 3.4 shows wind map of island Rab on 20m above the ground – source 3TIER 
 
For the island of Rab, the best wind power potential can be expected on exposed island areas 
and areas directly surrounded by the sea. There are currently no official measurements at an 
appropriate height that would be representative for the potential of small systems. 
Measurements from the neighboring island airport will be used for the analysis. The greatest 
impact on the weather of the island of Rab is the Velebit mountain. To exploit wind energy in 
small systems, the favorable force is the one which is carried by the constant and medium 
winds. The local coastal circulation is the starter of such winds blowing from the land to the 
sea, and the other way around. Small wind turbines are therefore very suitable for the 
production of electricity on this and neighboring islands. Average yearly wind speed for this 
area is mostly above 3 to 4 m/s on altitude above 20 meters. 
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3.4 Optimization plan 
 
 
As already mentioned, for the optimization of this hybrid system is used Homer software. 
Homer can be used to evaluate small hybrid systems that can work independently or be 
connected to a network. When modeling, the appropriate components and their specification 
should be selected. This optimization uses a 3kW powered wind turbine and a photovoltaic 
system that covers the roof of the house, with combination of an energy storage battery and 
AC/DC converter. So, renewable energy sources that will be used are sun and wind. The 
optimal choice of system is very important because the oversized scope would be unused and 
too expensive, and the undersized system would not satisfy the needs of the users. The main 
task of this analysis is to meet the energy needs of an average household on the island Rab, 
using the renewable energy resources.  
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3.5 Analysis input data 
 
 
3.5.1 Electrical energy input data  
 
Consumption data used for this input is real data for an average household on Rab island. It is 
calculated and rounded as an average yearly consumption. Devices that are considered in this 
calculation are: refrigerator and freezer, electric stove, microwave, electric water heater, TV, 
computer, LED lighting. Heating is not taken into consideration because it does not use 
electrical energy. One year has 8760 hours, so the calculation is made for every hour per day 
on an annual basis. Electrical energy is used reasonably because of savings, which is very 
important when using an autonomous system.  
 
 
Table 3.3  is showing the calculated data used for the input of electrical energy 
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Figure 3.5 shows a diagram for average hourly load of considered household 
 
The average consumption is calculated for each hour of a day on an annual basis, and it is 
apparent as the diagram shows, how different habits and needs of a multi-person household 
affect that consumption. 
 
 
3.5.2 Solar input data 
 
Input data of solar radiation and ambient temperature are required to calculate the 
production of electrical energy from the PV system.  
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Figure 3.6 shows the average daily values of the irradiation of the horizontal surface and the average daily temperature 
value at the location of the island Rab (data from the nearest airport, Krk/Rijeka) 
 
Energy yield can be modulated by months, changing the inclination of photovoltaic modules. 
Due to higher accuracy and availability, data is taken from the Krk island's airport 
meteorological station. An average day irradiation of the horizontal surface differs 
significantly between the summer and the winter months. For example, in July it is around 
6,40 kWh/m2 and in December around 0,95 kWh/m2, so therefore the PV system productivity 
differs as well. For inputs are used tables from the previous chapter, “Solar potential of island 
Rab and prodctivity of the PV system”. 
 
 
3.5.3 Wind data input 
 
Due to better analysis, the wind turbine will be tested at two heights, 20 and 25 meters. The 
wind speed will rise with higher vertical distance from the ground, which makes it better to 
set a small wind turbine on the higher pillar. Also, winds are stronger during the winter time, 
so we can expect more efficiency in that time of the year. 
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Figure 3.7 shows the diagram of annual wind speed for island Rab (data from the nearest airport, Krk/Rijeka) 
 
This diagram shows speed of the wind on altitude of 10 meters from the ground. Data is taken 
from meteo-station of the nearest airport, which is on neighboring island, because of the 
bigger accuracy. 
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3.5.4 System components and specifications 
 
 
 
Figure 3.8 shows a schematic view of this hybrid system – Homer software 
 
Here I will mention and describe what kind of components were used in this calculation and 
what results I got. The main question of this optimization is, whether it is possible to meet the 
energy needs of such a household using renewable energy sources? Specifications and prices 
were selected and combined from multiple sources, for better comparison and more realistic 
results for the selected application area. 
 
Wind turbine used for this analysis has power of 3kW, and the measurements were made at 
two heights, 20m and 25m. As well, the maximum allowable capacity shortage is chosen and 
set, and it varies from 5 to 25%. More specification of WT is given in a table 3.4 and diagrams 
below. [44] 
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Table 3.4 shows wind turbine specifications [44] 
 
 
The photovoltaic array is designed to cover the roof surface facing south and it has installed 
power of 2,4 kW. The system is optimized considering the installed power of a series of 
photovoltaic modules, ranging from 1 kW to 4 kW with a step of 200 W between each value.  
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Figure 3.9 is showing a shematic sketch of PV system montaged on house rooftop 
 
Flooded lead-acid batteries have been used as an energy storage system, with a specification 
of a deep cycle nominal 2V voltage and a capacity of 2500 Ah. With further calculation, a 
battery pack of 4 parallel-connected batteries was obtained with a nominal capacity of 20 kWh 
achieving an 22,8 hour autonomy. Lead batteries are the most widely used electrochemical 
accumulators, and there is a whole range of lead-acid battery types that allow deep discharge 
and are used in autonomous systems. Due to its use in autonomous photovoltaic power supply 
systems, this type of battery is often referred to as a solar battery. On the following figure 
3.10, we can see battery bank state of charge and frequency histogram. 
 
Figure 3.10 shows battery bank state of charge and frequency histogram 
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It is visible that the battery bank state of charge is low during the summer months and in 
January. The main question is why and how can we improve it. The reason why it may be low 
during the summer months is because of high tourism season, which means more demands 
for energy, and because wind energy is less available during these months. In January, the 
situation is opposite, here we have less sunlight, because of shorter day duration and worst 
weather conditions. Part of the battery power loss could be compensated by installing 
photovoltaic panels at the optimum summer angle, so the production of the photovoltaic 
system would be maximized with minimal or negligible investment.  As well, from the 
frequency histogram we can see that battery was fully charged approximately 29% of time. 
 
In order to be able to apply the obtained energy into the household, we need a converter 
(inverter) that converts the DC voltage into AC voltage. In addition, this converter includes a 
charging controller that controls battery charging without affecting the input electrical value; 
and DC-DC converter that adjusts one voltage level to the other, for the values gained from 
the PV system and the WT. Chosen converter for this system has a power of 5 kW. 
 
 
Table 3.5 is showing an overview of chosen components and their power 
 
Furthermore, the value of the system's maximum allowable capacity shortage at annual level 
in this optimization varies from 5% to 25%. The maximum annual capacity gap is defined as 
the ratio of total capacity shortage and overall electrical load to the system. This way, the 
minimally required reduction in energy consumption is taken into the account, in order to 
reduce this deficit to zero. This means that, when optimizing with real data, the required 
energy consumption reduction has been taken on an annual basis to conserve the 
Luka Cindrić – Autonomous hybrid system for household energy supply on island of Rab, Croatia 
78 
 
consumption of wind and solar energy. Each system also needs to have a certain amount of 
energy or rotating reserve to be able to provide a reliable electricity supply in cases where the 
load is suddenly increased or the resources of renewable resources are suddenly dropped. In 
this case at hourly level, the rotating reserve is 10%, which means that the system must be 
able to meet sudden energy requirements at 10% of the load of that hour. 
 
By making input of all the above mentioned data into the calculation, the result is that this 
system produces 9244 kWh of energy per year, while energy requirements of the household 
are 6131 kWh. It is obvious that this system can deliver more energy than it is needed. The 
main reason why that happens, is the inability of consumer to use part of the gained energy, 
as it is not needed at that moment. At this point, we can see there is a problem of time 
incompatibility between production and consumption. That excess of energy can be stored 
and used for some other needs. 
Insufficient load (need) for electricity is 454 kWh per year. Lack of capacity per year is 589 kWh 
and it refers to the lack of operational capacity required in relation to the operating capacity 
that the system can provide. It is important to note that energy needs that cannot be met 
could be compensated by careful usage of all household devices and planning of their use. 
This software remembers every moment where it was not possible to meet the energy needs 
and cumulatively calculates all the missing needs on an annual basis. 
 
 
Table 3.6 shows the production and consumption of electrical energy during the year 
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It can be noticed that WT meets approximately 70% of energy requirements, with its 5658 
hours of work and a load factor of 23%. The calculation was carried out using a commercial 
work curve of a small WT at a height of 20 m. The average power was 0,774 kW, and the peak 
power was 3,81 kW. 
On the other hand, the average power of the photovoltaic system was 0,285 kW, and the 
average daily electricity production was 6,76 kWh. PV system meets approximately 30% of 
energy requirements. For losses of PV system, because of temperature effects and dirt, factor 
of 80% was chosen, with panel incline of 30ᵒ, as well as the effect of temperatures with a 
coefficient of -0.5%/°C and efficiency at standard conditions of 13%. 
 
 
Figure 3.11 is showing monthly average electrical energy production 
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3.6 Analysis results  
 
The analysis was made by Homer software. Choosing an adequate autonomous system was 
really hard, because it was necessary to make a number of decisions about its components, 
pricing strategy and ability to fulfill its mission. Sensitivity analysis included 18 different 
component combinations. The obtained optimization results can be seen in the table below, 
which is presenting sensitivity analysis for considered household on island Rab. 
 
 
Table 3.7 shows sensitivity analysis and cost of possible versions of the autonomous system 
 
The system that was analyzed and chosen in the chapters before is marked in red color. Its 
operating costs are 950,96 € per year with energy production costs of 2,72 €/kWh. 
Furthermore, table below will show better financial overview of chosen system.  
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Table 3.8 shows overview of component costs during the life span 
 
As can be seen in the table, the initial investment in this system is 15.538,11 €. But also, these 
components are not lasting forever, so they will need replacement at some point. The life span 
of wind turbine, converter and energy storage is 15 years, and for PV system it is 20 years. 
O&M costs include maintenance of wind turbine pumps, maintenance of equipment, cleaning 
and maintenance of photovoltaic panels, maintenance of batteries and converter, as well as 
other necessary work to ensure continuous and reliable operation of the system. The residual 
value of a component is an estimate of how much it will be worth at the end of its lease, or at 
the end of its useful life. As a general rule, the longer the useful life or lease period of a 
component, the lower its residual value. 
As a conclusion, an overview of all costs is shown in the cash flow chart below. 
Luka Cindrić – Autonomous hybrid system for household energy supply on island of Rab, Croatia 
82 
 
 
Figure 3.12 is showing the cash flow chart of considered autonomous hybrid system 
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CONCLUSION 
 
 
After the analysis, we have come to the conclusion of this master thesis. As the world today 
tries to raise awareness of environmental protection, reduction of pollution, and bigger focus 
on energy production by exploiting renewable resources, this analysis goes in favor of it. It 
relies on the complete energy independence of the household on the island of Rab, exploiting 
wind and sun energy, as they are renewable resources. Sustainable development imposes the 
need to meet the energy needs without compromising the natural resources and the 
environment of the island and its surroundings. These are just some of the reasons why 
financial profitability is not the only criterion when deciding on investing in such a system. 
 
To recall, here was made a feasibility analysis and the ability of the hybrid autonomous system 
to provide an energy independence to a family home on the island of Rab, which is not 
connected to the electrical grid. The main question is whether such a system can be applied 
on the island of Rab and at what price. 
 
An hourly data of wind flow and solar radiation, as well as detailed minute data of household 
electricity consumption, were a good initial attempt to optimize a small autonomous system. 
The Homer software, which used for optimization and analysis, has shown that such a system 
can meet the electricity needs of the average household on the island of Rab, from the 
renewable energy resources. Also, a good insight into the size of the required investment is 
shown in this analysis. 
 
This investment has its feasibility compared to a low-voltage distribution network, if the 
household is on large distance from the grid infrastructure or if that infrastructure does not 
exist even on the island. In the future we expect a fall in prices of photovoltaic systems and 
small wind turbine systems, thereby the installation of autonomous systems will become 
much more attractive. 
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Throughout the lifetime of this system, its viability is unimaginable, not only financially but 
also for the environmental protection. The use of renewable energy resources is incompatible 
with irrational and energy-inefficient use of electricity. By making a good planning of 
consumption and changing habits and awareness of electricity usage, it can greatly increase 
household energy efficiency and feasibility of the system. On the other hand, by choosing 
other types of components, the payoff might be even higher. 
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